The wireless distributed acquisition system for near infrared spectroscopy (WDA-NIRS) is a portable, ultra-compact, continuous wave (CW) NIRS system. Its main advantage is that it allows continuous synchronized multi-site hemodynamic monitoring. The WDA-NIRS system calculates online changes in hemoglobin concentration based on modi¯ed BeerÀLambert law and the tissue oxygenation index based on the spatial-resolved spectroscopy method. It consists of up to seven signal acquisition units, su±ciently small to be easily attached to any part of the body. These units are remotely synchronized by a PC base station for independent acquisition of NIRS signals. Each acquisition module can be freely adapted to individual requirements such as local skin properties and the microcirculation of interest, e.g., di®erent muscles, brain, skin, etc. For this purpose, the light emitted by each LED can be individually, interactively or automatically adjusted to local needs. Furthermore, the user can freely create an emitter time-multiplexing protocol and choose the detector sensitivity most suitable to a particular situation. The potential diagnostic value of this advanced device is demonstrated by three typical applications.
Introduction
J€ obsis was one of the¯rst to show that the near infrared (NIR) range of the light spectrum (650À 1000 nm) can be used to monitor certain physiological phenomena. 1 Near infrared spectroscopy (NIRS) is now an innovative clinical method to assess information concerning local hemodynamic and metabolism in the brain and muscles. 2À7 Three types of NIRS instruments have been proposed according to the light source: time-resolving, frequency domain and continuous wave (CW) machines. The simplest and most widely used machines at the present time use continuous wave light sources (CW system). This kind of instrument measures attenuation of light of di®erent wavelengths and can therefore be used to determine changes in chromophore concentrations such as oxygenated (HbO) and deoxygenated (HbR) hemoglobin, induced by local changes of microcirculation and/or metabolism.
However, light absorption measurements alone cannot be used to determine absolute concentrations of chromophores; information about the photon path length is therefore necessary, but is not provided by the CW method. Absolute values can be estimated within certain limits by using multiwavelength systems or spatial-resolved spectroscopy (SRS). 8, 9 The advantages of CW NIRS instruments are their relatively low price and small size; they can even be designed as portable clinical devices.
Most of the commercially available NIRS instruments are relatively expensive, cumbersome, heavy and in°exible in terms of their applications, mainly due to the use of glass¯bers for light transfer and photomultiplier tubes (PMTs) for photon detection. More recent developments now use lightemitting diodes (LEDs) as light sources and silicon photo-diodes (SPDs) as detectors, 10, 11 which drastically lowers the price, size and complexity of these instruments. LEDs o®er numerous advantages compared to laser diodes (LDs): LEDs can be positioned directly on the skin, making optical¯bers obsolete, they are inexpensive and generally not harmful for the patient's eyes, which is very important in the clinical setting. 10 Moreover, the light powerÀcurrent relationship of LDs is linear for relatively high injection currents only. In the low-current mode, required for short emitter-detector distances (EDDs), there is a threshold, resulting in marked nonlinearity. In contrast, LEDs have a linear optical powerÀcurrent relationship, allowing to drive them also by very low currents. The replacement of PMTs or avalanche photo diodes by SPDs has the advantage of avoiding the bias of the high voltages required by former, while providing su±cient sensitivity. In addition, there is no need to use optical¯bers, as SPDs can be applied directly to the skin.
Several teams have tried to develop more°exible instruments suitable for brain monitoring. Yurtsever et al. developed a portable NIRS system based on a pocket PC as controller and processor unit. They chose LEDs with wavelengths of 730 and 850 nm. 12 However, probably due to technical limitations at that time, they were unable to use a pocket PC as main station and monitoring system. Nevertheless, the idea of combining a controller unit and a base station PC in a new powerful PDA or pocket PC remains a fairly interesting solution. Muehlemann et al. proposed a wireless miniaturized in vivo NIR imaging system using LEDs with wavelengths of 760 and 870 nm and SPD. To achieve greater°exibility concerning the patch structure, they used°exible boards. 10 Zhang et al. developed a portable NIRS system based on an embedded system board that can operate autonomously, but it has the disadvantage of requiring a high-capacity battery as power supply, making it large and heavy. 13 In this paper, we present a new device termed wireless distributed acquisition NIRS (WDA-NIRS). Based on advanced digital circuit design technology, it provides considerable progress in terms of miniaturization and portability, while o®ering:
. Important advancements concerning°exibility in LED-detector con¯guration and modes of operation. . Simultaneous signal acquisition from up to seven body positions (even during movement) by independent low-power battery-operated distributed acquisition modules. . High dynamic input range of each module via individual programmable drivers for each light source and programmable gain ampli¯ers (PGA) for each detector. . Software-driven auto-calibration and adaptive control of light pulse generation and signal acquisition allowing adaptation to di®erent experimental and environmental conditions. . High signal-to-noise ratio (SNR) based on individual alignment of each light source.
The following studies were conducted to demonstrate the performance and highlight the new features of WDA-NIRS:
. Validation with a sensitivity mapping phantom using a home-made liquid phantom was previously presented in Ref. 14 
Methodology 2.1. Instrumentation
The WDA-NIRS device presented here was designed by applying a¯eld programmable gate array (FPGA) as central controller/processor. The whole system consists of up to seven distributed modules (each module includes a patch, a control and processing unit, and a wireless communication unit), and a PC-based graphical user interface (GUI) (see Fig. 1 ).
Patch
The patch constitutes the data acquisition interface between the system and the subject (patient body or phantom) comprising an appropriate geometry of light sources and detectors. Therefore, it plays a key role in reliable signal acquisition. The current system supports up to 16 light sources (8 red/IR pairs) and 2 detectors that can be extended up to 8 detectors. For the experiments described in this paper, two types of patches were designed and produced. The¯rst patch [see Fig. 1(d) ] is similar to the widely used commercial patches and contains one detector and four emitter pairs. This design is commonly used to investigate tissues at relatively well-known distinct locations at a certain depth. This kind of NIRS signal acquisition has the inherent disadvantage that the acquired signal contains not only the desired information from the region of interest, but also from all layers crossed by the photons from the skin to the deepest tissue layer reached and from the return path.
The second patch [see Fig. 1(c) ] was designed in order to provide a hardware basis to overcome this disadvantage. The number of emitters was therefore increased to acquire signals containing progressively additional information from deeper tissue layers by stepwise increasing the EDD.
14, 15 The availability of this type of multi-distance signal is the prerequisite for application of decomposition algorithms as already proposed by Zhang et al. 16 Special e®orts have to be taken to allow acquisition of signals from such a wide range of distances in a single measurement, as the light intensity necessary for a distance of 40 mm is typically about 1000 times higher than that necessary for a distance of 10 mm to achieve a su±ciently high SNR for all signals. To meet this requirement, each light source in our device is independently programmed and/or automatically optimized online.
There are essentially two di®erent types of components available to generate NIR light pulses; LEDs and LDs. In this device we preferred LEDs. By applying the same maximum permissible exposure (MPE) criterion for the skin, more NIR photons (per time and area unit) can be injected into the tissue since LEDs create lower power density than equivalent LDs. 17 In addition, laser light sources undergo considerable heating of their semiconductor junctions, preventing from positioning them directly on the skin. Optical¯bers must therefore be introduced to transfer the light to the tissue, while LEDs can be applied directly on the skin. 10 Nevertheless, the potential hazard of NIR light emitted by LEDs for patient and personnel eyes must also be considered, as described in Ref. 18 .
In the NIR range of the spectrum, photons are mainly scattered in tissues with very low wavelength dependency. In contrast, absorption is highly wavelength dependent and speci¯c for the various absorbers. The lower boundary of the optical window (% 650 nm) is determined by the high absorption factor for HbR, and its upper boundary (% 975 nm) is determined by the absorption factor for water. Around 800 nm (isobestic point), the molar extinction coe±cient is the same for HbO and HbR. To ensure unequivocal di®erentiation between changes in HbO and HbR concentrations and to achieve a su±ciently high SNR, at least two su±ciently di®erent wavelengths in the NIR band around 800 nm are usually applied. Strangman et al. 19 and Uludag et al. 20 conducted a detailed analysis of the most appropriate wavelength.
Following their results and taking into account the commercial availability of components, we selected a dual-wavelength LED with 760 and 850 nm wavelengths housed in a 3 mm package (L760/850 Epitex r , Inc). This LED radiates light with a power of up to 17 mW with a very good linearity between driving current and emitted light intensity from very low to high current for short to long EDDs, respectively.
The detector consists of a high-sensitivity monolithic SPD with integrated ampli¯er (ODA-6WB-500M, Optodiode r Co.) and a large active area (6 mm 2 ). The high-gain trans-impedance ampli¯er integrated in this SPD dramatically reduces the output noise. Applying a 500 M resistor in the feedback path of this ampli¯er results in a light sensitivity higher than 250 V/W. In the version of the system presented here, the maximal overall sampling rate is 8 samples/s for each wavelength of each LED, if the user activates all of the 16 light sources. Accordingly, for one channel (one LEDÀSPD), a sampling rate of 64 samples/s would be possible.
The housing of the emitters and detectors (optodes) plays an important role in NIRS systems, as the quality of the contact between optodes and the skin directly a®ects the quality of the acquired signals. To achieve good contact, the LED/SPD holder must be made of relatively soft and°exible material with a su±ciently hard structure to keep the LEDs/SPDs in place, o®ering a certain surface adhesiveness and preventing any ambient light from entering the detectors. Liquid polymerizable silicon (Elastosil, Wacker Silicones r ) was found to be the most appropriate solution for this purpose.
Patches were manufactured in three steps:¯rstly, a relatively thin silicon layer was spread out into a mould. After drying, optodes were then positioned and all connections were wire-wrapped to a°at cable. Finally, the assembly was covered with a second silicon layer, which fused with the¯rst layer and therefore enclosed all electronic components and wires in a°at rectangular silicon cuboid structure.
Application of the patch on the skin showed that it was very well adapted to the local surface geometry (curvature) and remained in place and shape with only moderate pressure from an elastic tubular net bandage (Asterie r ), due to the intrinsic adhesiveness between the silicon surface and the skin.
The 10 mm thick silicon patch is also a perfect light insulator, which is important to reduce the e®ect of extraneous light. This can be easily veri¯ed by a simple \all LEDs o® " test at any time during measurement. Time-division multiplexing (TDM) programming allows the user to integrate background light measurements, whenever necessary during an experiment. If desired, the patch can also be easily covered by light-insulating material (such as a black fabric), as it does not comprise any optical¯bers or other interfering structures.
Control and processing unit
This unit executes all controlling and processing tasks, such as creating individual TDM protocols, auto-calibrating light emitters, adjusting PGAs, performing arbitrary processing tasks, etc. Careful design of this unit is essential to achieve the required speci¯cations and improve the performance of the measurement instrument. This is why we have chosen a FPGA as central processing unit, as it provides the following advantages:
. It combines all digital hardware in a low power consumption chip, which is essential for a portable battery-operated system.
. It allows extended real-time signal processing; its high speed and parallel structure provide an ideal basis for implementation of algorithms for signal acquisition, conditioning and expanded online preprocessing for special clinical applications. . It provides°exibility in terms of the required LED-detector con¯guration and modes of operation. Light pulse generation and signal acquisition control can be easily adapted to various kinds of patches by simple software upgrading.
A detailed block diagram of the system hardware is presented in Fig. 2 . The main functions of this part are to:
. Establish a wireless link to the PC to receive instructions and send data. The wireless link uses a class 1 Bluetooth transceiver (\RN-41", Rovingnetworks r ). It supports the related electromagnetic compatibility (EMC) standards. Other devices using the industrial scienti¯c medical (ISM) band do not interfere with the wireless transmission, due to built-in error correction and frequency hopping technologies. 10 In addition, no disturbance of medical equipment by Bluetooth or vice versa has been reported to date. 21 We have also veri¯ed that the Bluetooth device has no in°uence on the acquired signals by performing identical experiments with wire and wireless UART that provided identical experimental results. The FPGA contains a high-speed UART protocol implementer to drive the Bluetooth transceiver and to control data throughput and error handling. It also answers PC radio link check requests. In the event of loss of the radio link, an alarm is generated on both sides (PC and control and processing unit). . Drive programmable current sources and prepare auto-calibration. This part (TLC5923, Texas Instruments r ) contains 16 programmable constant current sources, which can each be programmed independently in 128 levels. The user (or the system automatically) can adjust the emitted light individually for each LED according to the experimental conditions such as EDD, local skin color, etc. This feature extends the measurement depth-range, while preserving the required SNR. . Implement di®erent types of TDM according to prede¯ned standard refreshing patterns. A special look-up table is designed inside the FPGA via a dual port RAM, storing information concerning various refreshing schedules. These predesigned refreshing patterns correspond to previously designed patches; an example is presented in Fig. 1 . They can be selected and manipulated via a MATLAB GUI. The FPGA also contains a serial protocol interface (SPI) unit for communication with the LED driver unit to control and handle error conditions such as broken LED or overheating of the LED driver. In addition, the user can de¯ne an arbitrary pattern to adapt to the needs of special experimental conditions, e.g., by adding a dark state in the refreshing routine (all light sources \o®"), the environmental light can be measured and registered continuously to compensate the e®ect of this light by online (or o®line) processing. . Acquire and condition analog signals by the high-precision PGA (AD8253, Analog Devices r ), and convert them into digital form with the 16 bit, 500 kHz analog to digital converter (ADC) (AD7699, Analog Devices r ). The gain of the PGA can be adjusted to four levels: Â1; Â10; Â1 00 or Â1000; the dynamic range of the input signal for the ADC can therefore be completely covered by using this PGA.
. Provide the various voltage sources required from a single 3.6 V-1000 mAH Li-ion rechargeable battery using a high-e±ciency switch-mode power supply. Three kinds of switch-mode power supply (buck, boost and inverting) are used, resulting in reduction of total power consumption. Switching frequencies have been chosen much higher than the highest frequency of the signal of interest to minimize noise due to the power supply. Additional techniques including decoupling power supplies and shielding planes have been applied to improve the overall SNR.
Wireless communication unit
This unit consists of two class 1 Bluetooth component, one integrated in the control and processing unit, and the other integrated in a USB key connected to the PC. It provides data transfer with a rate of up to 921.6 Kbits/s over a distance of up to 100 m. The PC can simultaneously support up to seven channels, corresponding to seven independent acquisition modules (including a patch, a control and processing and a wireless unit) attached separately at arbitrary sites on the patient's body. Standard protocols for error detection and retrieving missed data are integrated into these components to ensure error-free data transfer.
PC-based GUI
A user-friendly MATLAB r GUI allows easy (re) con¯guration of the WDA-NIRS system as well as data acquisition via the wireless Bluetooth unit. The block diagram of the system software is presented in Fig. 3 . The four parts of the GUI are:
. Communication controller: This part ensures a high speed wireless (Bluetooth) link between the PC and the main controller and processor unit. It periodically generates a \link test request" to verify the wireless channel. . PGA controller: This part allows the user to select individual ampli¯cation ratios for each detector. An auto-range mode is also available, in which the system automatically adjusts ampli¯-cation of the detected signal according to the light intensity actually detected. As this process ampli¯es both the signals and the noise, the SNR is not improved. Consequently, before applying this step, the auto-calibration software tries to maintain a constant PGA gain of Â1, and increases the signal level by adjusting the power of the emitted light. The signal level is therefore increased, while the background noise remains essentially unchanged, and the overall SNR is improved. When this correction is not su±cient, the gain of the detector can be increased in a stepwise fashion. . Emitter controller: This part allows free choice of time multiplexing and current setting for the light sources. It contains a number of prede¯ned standard settings, but can also be used to create customized user-de¯ned formats. For this purpose, a special dual port RAM for refreshing information was included in the FPGA. A special state is designed for each light source and all states are periodically refreshed. Consequently, by applying the desired value to each state (\on", \o® " or \all o® " for measuring the environmental light), the user can de¯ne any required source multiplexing according to the speci¯c application.
Furthermore, the power of the emitted light can be individually selected for each LED with 128-step resolution, or automatically determined by autocalibration, in which the emitter current is iteratively adapted with respect to the detector output signal. Therefore, all the LEDs are initially powered o® and the environmental light is measured and displayed. The¯rst LED is then set to half maximal output power and the back-scattered light is measured. This measurement is used to iteratively optimize the intensity in 7 steps (7 bit resolution).
This new feature allows fast and easy adjustment of light intensity in response to the multitude of di®erent in°uences e.g., background light, related tissue type, skin color, etc. Settings as determined for each channel (LEDÀSPD combination) and the refreshing style protocol are registered in separatē les. They are subsequently used to adjust the acquired signals before applying the modi¯ed BeerÀLambert law (MBLL).
14 . Display and save module: This part o®ers two di®erent modes, the¯rst mode displays raw data and the second mode displays online preprocessed data. Appropriate algorithms have been developed and implemented to decompose the incoming data stream into time sequences for each channel and, in parallel, to store the related values for each PGA ampli¯cation and LED current. In addition, for each LED the changes in back-scattered light intensity for the two wavelengths are converted to changes in HbO and HbR concentration by applying the MBLL. Raw and preprocessed data are recorded in parallel for further o®line processing.
Wireless distributed signal acquisition
The WDA-NIRS system presented here consists of a base station (portable PC) and an arbitrary number of acquisition modules. The base station provides the GUI to customize the desired acquisition parameters (including the number of modules in the distributed system and their structure) as well as programming, initialization, synchronization, failure detection/handling and data acquisition of all modules. The system provides programmable multiplexing parameters for each of the seven optional channels. Patches with a linear con¯guration, as presented in Figs. 1(c) and 1(d), are recommended for depth-resolving measurements. In the future, appropriate post-processing of the acquired signals will allow more precise extraction of the data of interest. When performing an experiment, the required number of acquisition modules and their corresponding patches are¯xed at the measuring sites selected on the body. All modules are initialized by the PC station, synchronized signal acquisition is launched and data from all modules are recorded continuously by the PC-base while the subject is free to move within a distance of 100 m from the receiver.
Phantom: Sensitivity scanner
The scheme of our recently introduced experimental setup for sensitivity scanning 14 is shown in Fig. 4(a) . It consists of¯ve di®erent parts: (1) Control and data acquisition unit, (2) three-dimensional (3D) scanning unit, (3) optical tissue-like dynamic phantom, (4) patch, (5) NIRS main controller-processor board and (6) perturbation element.
The sensitivity scanner phantom consists of two major components, a background optical phantom and an optical perturbation. The background optical phantom is realized as a liquid contained in a transparent tank ð120 Â 120 Â 120 mm 3 Þ. The use of a liquid tissue phantom allows for free positioning and movement of the optical perturbation inside the phantom volume. In addition, a liquid phantom o®ers the possibility to change freely optical properties. Ingredients of the liquid phantom are distilled water, \Medialipide r " (B.BRAUN Medical Inc) and \india-ink" (Lefranc & Bourgeois r ). The concentration of Medialipide and india-ink is chosen to achieve various optical parameter values as needed for the experiments mimicking physiological conditions ( a ¼ 0:001 mm À1 and 0 s ¼ 0:8 mm À1 ). 14 To avoid any sedimentation e®ects, a magnetic stirrer is turning continuously throughout the whole experiment. The optical perturbation is realized by a liquid-¯lled glass bulb. This home-made glass bulb is thin walled ($ 0:2 mm thick) and spherical shaped (2 mm diameter). The liquid in the glass bulb can be freely chosen to meet the desired optical properties normally with respect to the liquid of the background. The glass bulb end is closed using transparent silica gel (glass adhesive). It is held in position using a L-shaped glass tube, which is¯lled with the same liquid as used for the background tissue phantom. By integrating a 100 Â 50 mm window in the tank wall covered by a 0.1 mm PVC transparent¯lm, the refraction e®ects on patch emitters/detector due to transparent perspex walls (8 mm thickness) have been reduced.
The 3D scanning unit performs the computercontrolled movement of the perturbation through the region of interest of the phantom volume according to Fig. 4(b) . For this purpose, the volume of interest is subdivided in a sequence of vertical parallel lines followed meander wise from the front to the back forming thus a page, which is followed by the next page in a distance of 1 mm beside. The distance between the scanning lines had been chosen to 1 mm as well. In the presented experiments, every volume consists of 60 pages with 30 lines each. All experiments have been carried out in a dark room to prevent from any signal perturbation by environment light. In addition, to compensate all kind of jeopardizing in°uences, as light piping by transparent¯lms, the e®ects of glass, etc., we performed in any case two experiments one with the actual test medium in the probe and one with the probe¯lled with background medium. Then, the di®erence of the two acquired signals was further evaluated.
Human subject studies

Validation with standard clinical cerebral oxygenation measuring system
To verify the appropriate overall functioning of the WDA-NIRS system in human tissue measurements, we performed arterial occlusion experiments. The NIRO-200NX system was employed as the standard clinical system, since it is used widely for cerebral oxygenation measurements. The patches were attached at the forearm and a blood pressure cu® was¯xed at the upper arm. The experiments have been done sequentially with the same protocol: after 1 min registration in relax state, the cu® was in°a-ted to 250 mmHg for 2 min to close arm arteries and veins and then the monitoring was continued for 3 min.
Application demonstrating the depth-resolving potential
An experiment was conducted to demonstrate the need for and the feasibility of depth-resolving experiments and their importance for interpretation of the acquired data. We¯rst investigated the in°uence of a short period of apnea on HbR and HbO concentration in the frontal scalp and brain compared to the right forearm skin and pronator muscle. For this purpose, a depth-resolving linear patch with one detector and eight emitters was placed on the right forehead in a horizontal plane and over the right forearm pronator muscle. The subject was comfortably seated during the whole recording while executing the following protocol: 30 s of relaxation for baseline acquisition, 30 s of end-inspiratory breath-holding, 
Application demonstrating distributed acquisition
We conducted stair negotiation experiments to demonstrate the advantages of a wearable, distributed acquisition system for advanced clinical diagnosis.
In the simple example presented here, two units were used. One unit was attached over the medial head of the gastrocnemius muscle, the large posterior muscle of the calf that raises the heel and therefore extends the foot. This muscle therefore provides the propelling force for running and jumping and plays a major role in walking up and down stairs. 23À25 The other unit was attached horizontally to the middle of the left side of the forehead, thereby acquiring information about the microcirculation of the skin/scalp via the short EDD, and information about the microcirculation of the outer frontal part of the cerebrum via larger EDDs. All patches were maintained in place by the elastic tubular net bandage described above.
The corresponding signals were acquired and registered while the subject executed the following protocol: 60 s of rest in the upright position for baseline acquisition, ascending 10 stairs (1 per s), 50 s of recovery, descending 10 stairs (1 per s), 50 s of recovery. The acquired channels were normalized to the mean value obtained during the¯rst 60 s of acquisition.
Results
Validation with a sensitivity mapping phantom
The¯rst objective validation of this new device consisted of signal acquisition from our sensitivity mapping phantom. A complete 3D scan was acquired for the entire phantom in a dark room. Figure 5(a) shows the scanning protocol for the page in the middle between emitter and detector, which is the region of greatest interest in this context. The scanning starts from the most super¯cial layer back to the 30th line at a depth of 30 mm. The signal acquired during this scan is presented in Fig. 5(b) . It exhibits a sequence of peaks and minima corresponding to the sensitivity along the vertical scanning lines, with an interline distance of 1 mm [see Fig. 5(b) ]. The 30 peaks therefore provide a measure for the sensitivity, as their amplitude decreases from 1 mm below the surface to a depth of 30 mm. For SNR measurement, the background noise of the system was determined (i.e., from a measurement with the optical perturbation element positioned outside of the phantom) and the SNR for the middle-line of the middle page was then calculated [see Fig. 5(c) ].
Arterial occlusion experiment
The results are presented in Fig. 6 . In WDA-NIRS, two emitterÀdetector pairs are selected who had the same inter-optode distance as in the NIRO-200NX system. The WDA-NIRS system calculates online changes in hemoglobin concentration by MBLL and the tissue oxygenation index (where TOI is de¯ned by concentration of HbO divided by Hb tot concentration 9 ) based on the SRS method. 9 After arterial occlusion the TOI reduced notably (from 67% to 55%), increased immediately after opening and returned after an overshoot to the initial value within few minutes. The results of the two identical sequential experiments with both systems show good correlation.
Apnea: Skin and deep tissue
Experiments were carried out one to three times on ve di®erent subjects. The results are shown in Fig. 7 . The time series for the¯rst¯ve LEDs situated at a distance of between 10 and 30 mm show the reaction of the microcirculation at the two acquisition sites. Marked di®erences in dynamics and magnitude of changes in HbR concentrations were observed between the forehead and the forearm and according to the depth of the tissue. The forearm response was generally higher in terms of HbR concentration.
Changes in the forehead skin (short EDDs) were always more pronounced than for longer EDDs, i.e., for signals also containing in addition information from deeper brain tissue. In contrast, in the forearm, changes in HbR and total hemoglobin (Hb tot ) concentration were less marked for the skin than for signals containing information from deeper tissue (muscle). The HbR changes observed in the brain were much smaller (one order of magnitude!) than for Hb tot (corresponding to HbO) concentration, which is in line with the results reported by MacIntosh et al. for similar experiments. 
Stair negotiation
The stair negotiation experiment was performed twice by one female and two male subjects. The results are shown in Fig. 8 . Marked di®erences in changes in tissue hemoglobin concentration due to physical activity were observed at the two acquisition sites. While changes in the leg muscle were considerable and more or less parallel for HbR and HbO concentrations, the forehead recordings showed even more marked di®erences for HbO concentration, with less marked changes for HbR. These results can probably be attributed to the above-mentioned (over)compensation, which aims to keep the HbR concentration in the cerebrum at a constant low level. 
Discussion and Conclusion
Our°exible, wireless WDA-NIRS allows mobile, multi-site, highly accurate and safe distributed NIRS signal acquisition. It consists of up to seven distinct controller and acquisition modules, which can be freely positioned over the body. The signal acquisition units are each smaller than a cigarette box (weight of each unit with the battery ¼ 48 g) and synchronized by a nearby PC station. The acquisition units can be programmed individually to adapt them to particular local needs depending on the microcirculation of interest in di®erent muscles, brain, skin, etc. The choice of a FPGA as the core of the control unit was pivotal to develop the advanced built-in features of this instrument, especially the inbuilt capacity for increased depth resolution in microcirculation analysis. The signals acquired by the system must therefore present adequate and su±cient quality for each channel under varying circumstances, which means that the power of the emitted light must be adjusted to the actual local conditions such as di®erent EDDs, sensor position, skin color, environmental light, etc. The hardware/software provided therefore comprises a \light power auto-calibration" mode GUI, which can be used to program the light emitted by each LED, individually for each instant of the refresh cycle, with a 7 bit resolution (128 steps) in the current version. Since complete auto-calibration takes several seconds in the current version, this procedure is only applied during setup.
To enhance the inbuilt capacity of depth-resolving microcirculation analysis, we created an appropriate patch, composed of a sequence of 8 inline positioned dual wavelength emitters, allowing signal acquisition for EDDs ranging from 10 to 45 mm (45 mm is probably the longest distance that can be reasonably used with the technology described here).
Application demonstrating experiments
The stair negotiation experiment provides an example of the importance of distributed synchronized acquisition and portability. Stair negotiation constitutes one of the most di±cult tasks attributable to aging and is one of the leading causes of fallrelated injuries. 27 It is regularly used as a standard test, especially applied to evaluate performance in the elderly. Limited research has been conducted into the underlying factors that impair performance of this important activity of daily living. 28, 29 Application of our system as a diagnostic tool would obviously provide very useful additional information for the clinical di®erential diagnosis, as it simultaneously acquires information about the functioning of the musculoskeletal apparatus during movement and about related changes of the cerebral microcirculation.
The advantage of this approach is that the subject is required to execute a well-de¯ned dynamic e®ort: elevating the body mass to a certain height in a certain time without any constraints to free movement. During this movement, detailed information concerning the microcirculation are acquired from distinct tissues situated at di®erent depths.
The chosen combination of signal acquisition sites revealed a marked blood expulsion e®ect of gastrocnemius muscle contractions, as well as a marked drop in HbR concentration in brain tissue Fig. 8(a) . This e®ect is probably related to incompletely compensated acceleration of the body. This more or less incomplete compensation might partly explain the problems encountered by elderly people 
Depth-resolving potential
The apnea experiments using the depth-resolving acquisition available with the hardware indicate the type of results that can be expected once appropriate depth-discriminating algorithms are available. For example, in Fig. 7 (a) the signal indicates increase in HbR concentration in the outer tissue layer (black line), i.e., the scalp. This information makes also part of the red signal containing as well photons derived from deeper tissue i.e., cerebrum.
With properly eliminating the information stemming from the outer surface layers (black signal) from the red signal, the resulting HbR concentration change will be less marked in the cerebrum, which would be consistent with the known compensatory increase of total blood°ow in the brain during breath-holding 26 as shown in Fig. 7(b) . This demonstrates the need for acquisition of multidistance signals in NIRS and also the need for further algorithmic developments for reliable evaluation of these signals.
With the presented equipment, it will become possible to extract the information of interest for a particular tissue layer. Various methods have already been proposed for this type of signal decomposition. 31À33 Further research is required to develop these approaches.
General bene¯ts
These experiments highlight the potential bene¯ts of diagnostic investigations in patients and normal subjects using the WDA-NIRS based on parallel and synchronized acquisition of valuable physiological and clinical information concerning the microcirculation under various conditions. The results show that the WDA-NIRS system is a reliable tool that can be used to acquire information that has been previously poorly accessible and that will be of interest in medical research and clinical diagnostics.
Limitations and future improvements
In the current version, complete auto-calibration for 16 light sources takes several seconds, which is too long for repeated controls during a running registration. In future versions, an online auto-control and correction mechanism will be integrated. This will be possible without hardware changes because of the in-system FPGA programming facilities.
It turned out that the actual 7 bit resolution (42 dB) is not su±cient to provide the complete power range of emitted light, which is needed for distances between 1 and 4.5 cm. Only distances of up to 2.5 cm EDD can be evaluated. Therefore, the dynamic range of LED drivers must be increased to 12 bit, which is su±cient to cover the whole range needed for 3.5 cm di®erences.
Major e®orts in terms of algorithm and software development are necessary to put into e®ect the depth-resolving potential of the instrument. It may therefore also be necessary to (re)design di®erent types of emitterÀdetector con¯gurations.
